Results on the H → ττ measurements performed by the ATLAS and CMS collaborations with the pp collision data collected at the LHC at √ s = 7 and 8 TeV are presented. These include a test of CP invariance in the VBF Higgs boson production. Experimental challenges for the test of the CP invariance in the H → ττ decays are also reviewed.
Introduction
The search for CP violation in the interactions of the newly discovered Higgs boson [3, 4] with the other Standard Model (SM) particles is motivated by the lack of sources of CP violation to explain the baryon asymmetry observed in the Universe [5, 6, 7, 8] . In the SM, no effect of CP violation is expected at LO in the production or decay of the SM Higgs boson. Hence, an observation of CP violation involving the observed Higgs boson would be a strong sign of physics beyond the SM.
The H → ττ final state is very powerful for studies of CP invariance of the Higgs boson couplings. It is one of the most sensitive channels for the Vector Boson Fusion (VBF) Higgs boson production and it is the most sensitive for the Higgs boson decay into fermions. With H → ττ events, it is possible to probe the CP structure of both the HVV couplings to gauge bosons in VBF events and also of the H f f couplings to fermions. The H → ττ channel is however challenging to analyse due to the presence of neutrinos, the high Z → ττ production cross section, the difficult discrimination between hadronically decaying tau leptons (τ had ) from QCD jets, and the availability of only few and low-energy signatures to trigger on.
In this review, results on the H → ττ measurements performed by the ATLAS [1] and CMS [2] collaborations with the LHC Run-I data are presented. A first test of CP invariance in the VBF production is also described, together with experimental challenges for the measurement of the CP invariance in the H → ττ decays.
The H → ττ Coupling Measurement
Evidence for the Higgs boson decays into tau leptons has been established by ATLAS [9] and CMS [10] with the pp collisions collected at the LHC at √ s = 7 and 8 TeV. The analyses performed by the two collaborations are similar in terms of event selections and background estimations. The main difference is the observable used for the signal extraction. The CMS analysis performs a combined shape fit of the reconstructed m ττ mass of the events observed in various categories, while the AT-LAS analysis fits the scores of Boosted Decision Trees (BDT's) trained to discriminate signal from background events.
The CMS event selection shows that most of the sensitivity comes from boosted events where the Higgs boson candidate, as reconstructed by the vectorial sum of the visible tau decay products and the missing transverse energy, has a transverse momentum greater than p −0.4 , respectively. The precisions on these results show that the observed sensitivity of the H → ττ channel in Run-I is mostly from VBF events. In fact, in Run-I the H → ττ channel has one of the best observed sensitivities to the VBF production, equal to the H → WW and better than the H → γγ and H → ZZ channels.
CP Invariance in VBF Production with H → ττ Events
The sensitivity of the VBF H → ττ channel is exploited for a first direct test of the CP invariance in the VBF Higgs boson production [12] . This is a test performed by ATLAS for CP-violating contributions in the HVV couplings, independently of the Higgs boson decay, in 20.3 fb −1 of pp collisions collected at √ s = 8 TeV. Investigations of CP-violating Higgs boson couplings in the decays into pairs of massive gauge bosons show no deviation from SM [16, 17] . The analysis uses the H → ττ events selected in the VBF category as in Ref [9] in the final states where the tau leptons decay either both leptonically (ll) in muons or electrons, or semi-leptonically (lh) with one leptonically and one hadronically decaying tau lepton. The events classified at high BDT-score are used in a fit to a CP-sensitive observable, while the ones at low BDT-score are used to determine backgrounds.
The observable is a CP-odd Optimal Observable [13, 14, 15] built from the leading-order matrix element for the VBF production. An effective Lagrangian is used to include CP-violating effects from operators with mass dimension up to six in the HVV couplings. The effective Lagrangian assumes that the same coefficient is multiplying the CP-odd structures for the HW + W − , HZZ and Hγγ vertices and that all other couplings are as predicted in the SM. Under these assumptions, the matrix element M is the sum of the SM CP-even contribution M SM and a CP-odd contribution M cp−odd from the dimension-six operators parametrised by the parameterd:
The Optimal Observable OO is defined as the ratio of the CP-odd interference term between M SM and M cp−odd to the SM contribution:
Since the Optimal Observable is CP-odd, a non vanishing mean value OO 0 is an indication of CP violation, as shown in Fig 1. The observed mean values OO in the data selected in the signal regions are 0.3 ± 0.5 in the ll channel and −0.3 ± 0.4 in the lh channel. Both results are consistent with zero within uncertainties and show no hints for CP violation. Limits on the CP-odd couplings are set based on a combined maximum-likelihood fit to the Optimal Observable distributions in data both in the ll and lh channels. Fig 2 shows the result of this fit for the SMd = 0 hypothesis and the best-fit µ = 1.55
−0.76 in the lh signal region. The regionsd < −0.11 andd > 0.05 are excluded at 68% CL. These intervals are an order of magnitude better than those obtained by ATLAS using the Higgs boson decays into gauge bosons [16] . The analysed data does not provide enough sensitivity to set 95% CL intervals though.
CP Invariance in H → ττ Decays
The H → ττ decays offer another unique chance to search for CP violation in the Higgs sector and this is by means of probing the Hττ coupling. The H → ττ is not only the most sensitive fermionic channel, but thanks to the maximally parity violating tau decays it also allows to access directly and in a model independent way the CP structure of the Higgs boson Yukawa couplings.
Unlike for the HVV couplings, the SM Lagrangian can be extended at tree level with CP-odd Yukawa couplings to allow for CP violation (see e. g. Ref [18] ):
where the relative contribution of the CP-even and CPodd terms are parametrised by the mixing angle φ τ . The SM coupling is realised by φ τ = 0, while the pure CPodd coupling corresponds to φ τ = π/2. The mixing angle φ τ determines the transverse spin correlations between the two tau leptons and subsequently the angular distributions of the tau decay products. Because of the presence of at least two neutrinos in the final state, it is not possible to fully reconstruct the kinematics of the H → ττ decays, that is the tau momenta and the Higgs rest frame where the sensitivity to φ τ would be maximal. However, among all channels the fully-hadronic (hh), where both tau leptons decay hadronically, is expected to be the most sensitive because of the only two neutrinos produced.
Several observables based on angles between tau decay planes built from the visible parts of the tau decay have been proposed [18, 19, 20, 21, 22, 23, 24] . In case of direct decays τ ± → π ± ν, the decay plane can be defined by the pion track and its impact parameter with respect to the point of the primary interaction [18, 19, 20] . This method can be extended to any other tau decay. Another method targets the τ ± → ρ ± (770)ν → π ± π 0 ν Generated decay mode
Reconstructed decay mode Figure 3 : Decay mode classification purity matrix showing the fraction of τ had candidates of a given reconstructed mode that originated from a generated τ had , in Z → ττ events simulated with LHC Run-I conditions [25] .
decays and uses the tau decay plane spanned by the momenta of the two pions [22, 23] . In both methods, event classifications based on the pion energies are used to increase the sensitivity.
At present, there is no study on this measurement with full detector simulation, but an assessment of the impact of the tau decay reconstruction, especially for hadronic decays, is essential to get reliable sensitivity estimates.
CMS and, since the LHC Run-II, also ATLAS use particle flow algorithms for the τ had reconstruction [25, 26] in which the charged components are reconstructed from tracks, while the neutral components are reconstructed from calorimeter clusters not matched to tracks. These algorithms are crucial for this measurement as they provide information on the tau decay products needed to classify the tau decay modes and to build the tau decay planes. The reconstruction of the neutral hadrons is the most challenging part of the τ had reconstruction and it is expected to have a large impact on the sensitivity of the measurement in terms of decay mode classification and decay plane resolution. In ATLAS for example, the τ had reconstruction efficiency, including the detector acceptance, ranges between 32% to 43%, while the identification efficiency goes from 40% to 75%, with the tau decays with neutral components having the lowest identification efficiencies [25] . Among the reconstructed τ had , 74.7% of the decay modes are correctly classified. The modes with higher misclassification rates are those with neutral hadrons where one of the neutrals is not identified, as shown in Fig 3 [25] .
The angular resolution on the momenta of the neutral hadrons is at the per cent level, but the transverse energy is only at about 16%. Despite the challenging task, 
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Figure 4: Distribution of τ had candidate masses in Z → ττ events selected in data, compared to MC expectations [26] .
overall the ATLAS and CMS τ had reconstructions have good performances and impressive agreement between data and simulation, as shown for instance in Fig 4 [26] .
Besides the τ had reconstruction, other challenges for the CP violation measurement come from the trigger and the background estimation. The bottleneck for the signal acceptance in the hh final state is the first trigger level, where only calorimeter information is available. Triggering on two low-energy calorimeter clusters is very expensive in terms of rate, so additional selections on an additional jet or on the ∆R(τ had , τ had ) between the two tau candidates can be used to reduce rate while keeping high acceptance in the boosted phase space (p ττ T 100 GeV) used for the analysis. The background estimation could also pose challenges. The dominant and irreducible Z → ττ background is expected to be flat in the sensitive observables [19] since the tau leptons are mostly longitudinally polarised. However, it is important to validate the modelling of the tau spin correlations in the Z+jets events accepted in the analysis signal regions. If the spin correlations in these events are significantly different from those produced via DrellYan (DY) production, corrections or alternatives to the Z → ττ modelling via embedded data Z → µµ events [9, 10, 27] as used in the Run-I analyses may be needed. In fact, in the embedded events the simulated Z → ττ decay always assumes the DY production. The modelling of the multi-jet background used in Run-I may also need to be revisited since it uses τ had reconstructed with multiplicities of charged and neutral hadrons different from the τ had candidates accepted in the signal regions. This could lead to biases in the construction of the decay planes.
Conclusions
The H → ττ events have great potential for the direct measurement of CP violation in the Higgs sector. Evidence for these events at 5.5σ has been established combining the ATLAS and CMS Run-I analyses. This observation is driven by the detection of events at high p ττ T and in particular from the VBF production. The sensitivity of the VBF H → ττ channel has been exploited in a first direct test of CP invariance in the VBF production that leads to results ten times more stringent than previous ones from the diboson channels. The direct and model independent measurement of CP violation in the H → ττ decays is also very promising. The outlined experimental challenges comprise the reconstruction from the neutral hadrons in the tau decay, the trigger strategy and the background estimates for Z → ττ and multi-jet events.
